glucosylase is confined to the vascular tissue (Hatch et al. 1963), whereas uridine diphosphatase is only present in the storage parenchyma. SUMMARY 1. A phosphatase that attacks certain nucleoside 5'-diphosphates, but not the corresponding mono-and tri-phosphates, was purified 43-fold from sugar-cane storage tissue.
Glucose Utilization in Pregnant Sheep
There has been much speculation on the role of glucose in ruminant metabolism. This has, in part, arisen because the concentration of blood glucose is lower than in non-ruminants, and because the evidence from many experiments in ruminants is that little glucose is absorbed from the alimentary canal. For example, Allcroft & Strand (1933) and Bell & Jones (1945) found that no obvious hyperglycaemia developed in the sheep and cow after a test meal of glucose; Schambye (1951) and Annison, Hill & Lewis (1957) , working with sheep, were unable to demonstrate significant portal-carotid differences in glucose concentration. Also, most of the dietary energy of the ruminant is absorbed in the form of short-chain volatile fatty acids that are produced by fermentation of carbohydrates in the rumen. It is therefore likely that metabolism in the ruminant is adapted towards acetate as the main source of energy and the main substrate for lipogenesis. Lindsay (1959) reviewed the available evidence on carbohydrate metabolism in the ruminant and concluded that most of the glucose presented to the tissues must arise by gluconeogenesis from propionate and protein. During pregnancy, however, the foetal demand for fructose (Huggett, Warren & Warren, 1951 ) is believed to cause a relatively great increase in overall hexose requirements (Kronfeld, 1958) .
It was therefore decided to measure turnover rates of glucose in pregnant sheep and compare these rates with those obtained by other investigators in non-pregnant sheep.
The constant-infusion isotope-dilution method has been used by Steele, Wall, de Bodo & Altszuler (1956) for measuring glucose-utilization rates in dogs and by Annison & White (1961) and Kronfeld & Simesen (1961 b) in sheep. Both the latter groups of investigators used non-pregnant non-lactating female sheep. The present investigation was designed to study utilization rates in ewes pregnant with twins and in ewes showing signs of pregnancy toxaemia. By using, in separate experiments, glucose labelled at C-1 and C-6 and measuring the specific radioactivities of expired C02 it has been shown that glucose is degraded in sheep by a pathway that incorporates C-1 in preference to C-6 into C02. A note on the results of these experiments has been published (Ford, 1963) .
The rate of utilization of glucose by pregnant sheep was comparable with that obtained by Kronfeld & Simesen (1961b) , but markedly lower than the value obtained by Annison & White (1961) with fed non-pregnant sheep. Two further experiments were therefore carried out on non-pregnant females, receiving the same diet and kept under the same conditions as the pregnant sheep. The technique was similar, except that uniformly labelled glucose ([U-_4C]glucose) was infused at a lower level of radioactivity.
MATERIALS AND METHODS
Animals. After adult Clun Forest ewes had been run with a vasectomized ram they were served by an entire ram on known dates. The ewes were fed on pasture supplemented with hay and a mixture of oats, flaked maize, linseed cake, molasses and beet pulp at arate sufficientto produce a small but steady increase in body weight and to keep the concentration of plasma ketone bodies low. Towards the end of pregnancy ewes carrying twins were selected by X-ray examination and trained to mount a ramp and stand in the stocks where the perfusions were to be carried out. Ewes to be made ketotic were taken into the animal house and confined in pens without food but with ample water. They were starved for periods up to 96 hr. and were considered suitable for experiment when a high concentration of plasma ketone bodies was accompanied by dullness, impaired or absent eye-preservation reflex and signs of nervous derangement of the type found in idiopathic pregnancy toxaemia.
Radioactive glucose. High-radioactivity D-[14C]glucose (2 mc/m-mole) was obtained from The Radiochemical Centre, Amersham, Bucks. Glucose was eluted from the filter paper with a minimum amount of water and the solution stored at -200 until diluted with 0-9% sodium chloride containing 0-01% of glucose for use. The stability of the infused radioactive glucose was checked by preparing and counting recrystallized potassium gluconate. In half of the experiments the same pregnant animal was infused on one day with [1-14C]glucose and 24 hr. later with [6-14C] glucose; in the other half of the experiments the order of infusion was reversed. The specific radioactivity of 140C2 in expired air before the beginning of the second infusion was generally about double the background value of the previous day. In determining the specific radioactivity of 140O2 on the second day, the radioactivity of C02 before infusion began was taken as the background value. In the same way the residual plasma radioactivity at the commencement of infusion on the second day was subtracted from the total radioactivity of the plasma glucose before calculation of the specific radioactivities of plasma glucose. The radioactivity of the preinfusion plasma sample on the second day was 1-2% of that of plasma samples collected during the steady-state period. The two nonpregnant animals were each infused once with [U-14C]-glucose.
Experimental procedure. Ewes were brought into the experimental shed at 10 a.m. on the day on which they were to be perfused and, after injection of a local anaesthetic, polythene cannulae were inserted in a downward direction into both jugular veins. To avoid contamination of blood samples by the infusion fluid, the infusion cannula was inserted about 12 in. into the left jugular, and the cannula for withdrawal of blood samples about 6 in. into the right jugular vein.
Experiments were begun at 2 p.m. by the injection of a priming dose of 30,uec of labelled glucose in 3 ml. of 0-9% sodium chloride, followed by the continuous infusion of 70,uc of labelled glucose in 0-9% sodium chloride containing 0-01% of glucose over 150 min. at the rate of 1-1 ml./ min. Infusion was by means of a velodyne-controlled pump as described by Annison & Lindsay (1961 assayed. During the last 50-60 min. of the infusion period the animal's head was enclosed in a polythene box with entry and exit valves for air. Expired air passed through the exit valve via a flow-meter into a spirometer. The bulk of the air was exhausted from the spirometer to the atmosphere, but a constant flow of 500 ml./min. was dried by passing through a tower of magnesium perchlorate, then through a 250 ml. ionization chamber and finally through a katharometer (Cambridge Instrument Co.). The current from the ionization chamber was measured with a Dynacon vibrating-reed electrometer (Nuclear-Chicago Corp.) and recorded on a Honeywell-Brown chart recorder. The katharometer gave a tracing of the concentration of CO2 on a Cambridge recorder calibrated from 0 to 5 % of C02. After the completion of each infusion, normal sheep were fed and ketotic animals were starved until the second infusion had been carried out.
Chemical method8 and assay of radioactivity. For the reasons given by Annison & White (1961) all glucose determinations were made on plasma, which was deproteinized with 0-3N-barium hydroxide and 5% (w/v) zinc sulphate. Glucose in the filtrate was determined by the enzymic method of Huggett & Nixon (1957) , and ketone bodies were determined by a modification (Ford & Boyd, 1960) of the method of Bakker & White (1957) .
In preliminary trials, samples of sheep plasma with added radioactive glucose were deproteinized with barium hydroxide and zinc sulphate, carrier glucose was added and the solution was evaporated to dryness under reduced pressure. The residue was extracted with hot methanol, in-soluble material was discarded, and potassium gluconate was prepared and recrystallized by the method of Blair & Segal (1960) . Recoveries of 65% of added radioactivity were obtained by this method and the specific radioactivity of the potassium gluconate was 95-100% of that of the added glucose. The non-glucose radioactivity of methanolic extracts of plasma samples that had been collected during the period 80-150 min. after the beginning of infusion, i.e. during the period of constant plasma-glucose specific radioactivity, was about 2-5% of glucose radioactivity. By counting concentrated methanolic extracts of plasma filtrates and omitting the final preparation of gluconate, recoveries of 80% of added radioactivity were obtained, and the slight loss in specificity was regarded as acceptable in view of the increased recovery of radioactivity. As a result ofthese findings the following procedure was adopted.
The methanolic extract of dried deproteinized plasma was evaporated to dryness at 370 in a stream of air and dissolved in 1-5 ml. of water to which had been added 0-1 ml. of a 10% (w/v) solution of Triton X-100 (Rohm and Haas Co.). Plastic scintillator beads (NE-102; Nuclear Enterprises Ltd.) (5 g.) were poured into the vial, and, after the mixture had been kept overnight at 00, radioactivity was counted in a Panax refrigerated scintillation counter with an efficiency of 20 %. Samples of the glucose solutions that had been used for each infusion were subjected to the same procedure and plasma specific radioactivities in each experiment were calculated by reference to the infusion fluid used in the particular case. Clearly the counting of methanolic extracts of protein-free plasma filtrates can give plasmaglucose specific radioactivities up to 5% greater than would the counting of a recrystallized specific derivative of glucose, and a corresponding 5% error can arise in the calculation of utilization rates. Specific radioactivities of CO2 in expired air were calculated direct from the recordings of radioactivity and CO2 content of air by using a calibration constant for the ionization chamber.
Utilization rate. During the constant infusion of radioactive glucose of negligible carriercontentand when plasmaglucose specific radioactivity, is constant, the rate of addition of glucose to plasma (measured in m-moles/min.) is given by the rate of infusion of 14C (,4mc/min.) divided by the specific radioactivity of plasma glucose (pinc/m-mole).
With a constant plasma-glucose concentration, the rate of addition of glucose to the plasma is equal to the rate of removal of glucose from the plasma, i.e. the transfer or utilization rate.
RESULTS
Particulars of the six sheep used are given in Table 1 . Two of the pregnant sheep (J 27 and G 104) had high concentrations of plasma ketone bodies and showed definite signs of abnormality resembling those found in clinical cases of pregnancy toxaemia or ovine ketosis. The other two pregnant animals (L 5 and K 111) were clinically normal in every respect, although one animal (K 111) had a mean concentration of plasma ketone bodies at the upper end of the normal range. The concentrations on the day of the second infusion were higher than during the first infusion; in view of the well-known sensitivity of ketone-body concentration in pregnant sheep to very slight changes in diet this rise can be attributed to deprivation of food for the period of infusion during the first day. The plasmaglucose specific radioactivity was constant during the period beginning 80 min. after the commencement of infusion in three of the four animals used ( For all animals, utilization rates (Table 2 : after the commencement of infusion column 6) were calculated on the basis of plasmaBs of the same shape were obtained glucose specific radioactivities prevailing at Fusions, suggesting that the delay in 140 min. The consistency in duplicate determinaLnt plasma specific radioactivity was tions on the same animal shows that daily variaof the individual animal. The delay tion in glucose utilization was slight. There are, en from a slow mixing of radioactive however, differences between utilization rates of La decreasing glucose-transfer rate in individual pregnant animals and these differences a0 min. on both days. Whatever the are maintained when the rates are adjusted for body ium was reached at 120 miin. and weight (Table 2: column 7) or metabolic body size m then until the end of the infusion. (Table 2 : column 8) as suggested by Kleiber (1947) . ;ions of the same radioactivity/unit When the utilization rates of the normal pregnant sed in all experiments on pregnant animals are compared with those of the ketotic all infusion periods varied by several pregnant animals, the former have a mean rate of variation in the infusion periods, 1V35 + 0-18 (4) mg./min./kg. and the latter a mean he lower radioactivity of the infusion rate of 1F22 + 0-13 (4) mg./min./kg. This difference the non-pregnant sheep, caused the is not significant (P > 0.5). Possible differences he rates of infusion of radioactivity between the results from the normal and ketotic an 3 of Table 2 .
pregnant sheep are not the only sources of variation in utilization rates of pregnant sheep. The variance is analysed in Table 3 . None of the sources of variation is significant when compared with the error, but 0 @ the greatest mean square arises from differences between sheep. When the sums of squares of all other sources of variation are combined as one error Ketotic pregnant plasma-glucose radioactivity had been steady for at least 20 min. and in most cases for longer. One factor that will affect the labelling of CO2 during the infusion of any 14C-containing substrate will be the degree of labelling of the substrate presented to the tissues, i.e. the plasma specific radioactivity at equilibrium. Although the same total amount of radioactivity was administered in each experiment on pregnant animals, the plasma-glucose specific radioactivities differed between successive experiments on the same animal as a result of slight changes in utilization rates on succeeding days, and also after differences in the rate of infusion of radioactivity as a result of variations in overall perfusion time.
For these reasons, in order to make a direct comparison of specific radioactivities of C02 in expired air during separate infusions carried out on the same animal it is necessary to adjust the observed C02 specific radioactivity to a standard plasmaglucose specific radioactivity. The arbitrary value of 1000lmc/m-mole has been chosen and adjusted values are given in column 5 of Table 4 . From these values the C-1:C-6 ratios of column 6 have been calculated. The mean ratio of 1-89 ± 0-15 for ketotic sheep does not differ significantly from the mean ratio of 1-31 + 0-07 for the normal pregnant sheep (0-1 > P > 0-05). The four ratios can therefore be grouped to give a mean value of 1-60 ± 0-18 (4) for pregnant sheep. Table 5 gives the C02 output of each sheep at 140 min. in m-moles/min. The values are derived from the total production of expired air/min. as given by the flow-meter and the percentage content of C02 in expired air given by the katharometer. Some incompetence of the face-mask valves and leakage of air where the sheep's neck passes into the mask probably caused the C02-output values to be underestimated. Table 5 also gives information on the sources of C02. If 100% of the C02 were produced by the oxidation of glucose under steady-state conditions, its specific radioactivity, on a molar basis, would be one-sixth of that of the glucose supplied to the tissues, i.e. of plasma-glucose specific radioactivity. Any lower percentage contribution would be Table 3 . Analy8i8 of variance for gluco8e-utilization rate8 of pregnant 8heep
The first part of the Table (a) shows that none of the individual sources of variation listed in the first column is significantly greater than the error. The second part of the Table ( (PMc/m-mole) Vol. 88 expected to produce a proportionately lower C02 specific radioactivity. It is known, however, from the C-1:C-6 ratios that these two carbon atoms contribute to CO, labelling at different rates, and column 5 of Table 5 gives for the pregnant sheep the percentage contribution of C-I and C-6 of glucose calculated from the information in the preceding two columns. The mean of these two values gives a rough approximation of the contribution of the glucose molecule to C02 production. In the two non-pregnant animals infused with uniformly labelled glucose, the C00 labelling will arise from all six carbon atoms of the glucose molecule and the calculated percentage contribution should be a reasonable assessment of the contribution of glucose to C00 production. Thus although there is variation from 1-55 to 3-7 % between the six animals, the ketotic pregnant sheep do not differ from the normal pregnant or from the non-pregnant sheep. As the rate of C00 production at 140 min. is known (column 6) the amount of the C00 derived from glucose has been calculated and is given in colujmn 7.
The total amount of glucose utilized is already known (Table 2) , and the percentage of glucose utilized that is oxidized to C02 has been calculated and is given in column 8 of Table 5 .
DISCUSSION
Choice ofmethods. Annison & Lindsay (1961) have considered the relative merits of tolerance tests, of single-injection and of continuous-infusion isotopedilution techniques for determining uptake rates of metaboites. They concluded that the last-named method was most suitable for measuring the uptake of metabolites by tissues at normal plasma concentrations. Kronfeld & Simesen (1961a) discussed the application of isotope-dilution methods to the study of glucose utilization in pregnancy toxaemia and suggested that the use of the continuous-infusion method might be restricted because of the difficulty of establishing steady-state conditions in ketotic sheep. For this reason they employed the singleinjection technique. In the present investigation the plasma-glucose concentration was constant throughout the experiments, and plasma-glucose specific radioactivity was steady during the period 80-150 min. after the commencement of infusion in five of the six animals and during the period 120-150 min. in the sixth animal. The latter was one of the two normnal pregnant animals. It is therefore feasible to compare results in the ketotic ewes with those in the normal pregnant ewes and in the nonpregnant ewes.
Cases of pregnancy toxaemia that have occurred spontaneously present one or more of a number of symptoms to a greater or lesser degree, and, when brought to the Laboratory, their capacity to survive long enough to allow infusion on two consecutive days is not always certain. For this reason artificial induction of the syndrome was employed and it was possible to induce typical cases with a reasonable degree of regularity. Concentrations of plasma ketone bodies were high, and plasma-glucose concentrations, although low, were not necessarily lower than those in symptomless pregnant sheep. This variation in the mean plasma-glucose concentrations and the lack of negative correlation with ketone-body concentrations is well known to occur in cases that arise spontaneously. One important characteristic of naturally occurring cases is their irreversibility. After the completion of experiments, both J 27 and G 104 continued to refuse food, their symptoms became progressively more severe and the animals were both killed when death was imminent. It therefore seems reasonable to equate the status of the two ketotic sheep with that of field cases, although Gallagher (1959) has shown that liver mitochondria from animals with pregnancy toxaemia were incapable of oxidizing fatty acids, whereas the liver mitochondria of starved asymptomatic pregnant ewes did not show this abnormality. Utilization rates. Although other workers have determined utilization rates of glucose in sheep by isotopic techniques, differences in the conditions of the experiments and in the nutritional and reproductive status of the animals used make the results difficult to compare with the present ones. For example, Annison & White (1961) used the continuous-infusion method on non-pregnant females receiving a diet rich in starch and protein, but not fed for 24 hr. before the experiment. They obtained a utilization rate of 1-5 + 007 (13) mg./min./kg. compared with the mean rate in the present study of 1-84 + 0 10 (2) mg./min./kg. for non-pregnant animals that had been feeding up to 4 hr. before the commencement of infusion.
Those of their results that it is most reasonable to compare with the present ones were obtained 2-5 hr. after feeding and gave a mean value of 2-6 + 0-2 (7) mg./min./kg. Annison & White (1961) suggested that the high-starch diet of their animals might have been responsible for the high rate. Presumably some of the carbohydrate could escape degradation in the rumen to be absorbed as hexose from the small intestine. Annison & White's (1961) animals had, after feeding, a high plasma-glucose concentration, which was reflected in higher glucose-utilization rates than were obtained in animals with lower plasma-glucose concentrations. A similar relationship emerges when plasma-glucose concentration and utilization are compared in the pregnant and non-pregnant sheep in the present study. Kronfeld & Simesen (1961 b) . using the continuous-infusion method on two non-pregnant females, found a mean rate of 0-3 g./hr./kg.0 75, compared with a mean of 0-31 g./hr./kg.0-75 in the present study. Kronfeld & Simesen (1961a) used the single-injection technique on pregnant ewes and obtained rates ranging from 1*4 to 3-6 mg./min./kg. These values are appreciably higher than the present ones, but Annison & White (1961) , when comparing both methods in the same sheep, found that the single-injection method gave appreciably higher results than the continuous-infusion method.
Nevertheless, it is reasonable to compare the results that Kronfeld & Simesen (1961a) obtained by using the single-injection method on ketotic and on normal pregnant sheep; the utilization rates in the former were about one-third to one-fifth of the latter. This is a large difference; the present studies with continuous infusion showed no significant difference at all. One possible explanation is that 28 results with the single-injection method are affected by changes in the rate of mixing of isotope throughout the glucose pool, a variable that does not affect results calculated during the steady state reached after a period of constant infusion. The absence of a significant difference between utilization rates of ketotic and normal pregnant sheep does not support the theory of Reid (1958) , who suggested that the basic change in ketosis was an adrenal-steroid diabetes, and that hyperglycaemia did not develop because of the foetal utilization of hexose. If Reid's hypothesis were correct, normal pregnant sheep would be expected to utilize glucose at a significantly greater rate than ketotic sheep.
An objection might be raised to the comparison of the present results in pregnant sheep with those from the two non-pregnant sheep on the grounds that the true body weight of the sheep used in the two series of experiments differed. The pregnant sheep used in the present work were well-grown and well-fleshed but clearly part of their body weight was that of their two foetuses and foetal fluids. This portion of the body weight consumes, but does not produce, hexose; so that to compare endogenous production of glucose (assuming negligible alimentary contribution) it would be feasible to deduct 15 kg. from the body weight of the pregnant sheep, an assessment of the average weight of foetal fluids, membranes and two foetuses near to term. When this is done, the mean production rate for the fed pregnant sheep becomes 1-69 ± 0-24 (4) mg./min./kg. of maternal tissue, a value not significantly different from but still lower than that of fed non-pregnant sheep. The result of this type of adjustment of the entry rate is compatible with the suggestion that endogenous glucose production in the pregnant ewe does not increase with increasing foetal demand and that the maternal tissues are relatively undersupplied compared with the tissues of the non-pregnant ewe.
According to Huggett et al. (1951) foetal requirements are 12-22 g./day/foetus at term, which can be taken as about 40 g./day for twin foetuses at 135 days. The rate of 1-29 mg./min./kg. for pregnant sheep is equivalent to a glucose supply of 145 g./day in an animal of 78 kg. body wt. A foetal requirement of 40 g./day is therefore about 28 % of the available maternal supply.
These calculations contain many approximnations but they do suggest that tissue glucose supplies are marginal, and if maternal body weight is to be increased or even only maintained the amount of glucose directly oxidized by both the pregnant and non-pregnant ewe seems likely to be low.
Production of carbon dioxide from gluco8e. Vol. 88 433 clear-cut difference between the fed, ketotic or nonpregnant sheep. During infusion, the activity of the sheep is necessarily restricted and it is doubtful whether one is measuring the maximum rate at which glucose may enter the circulation or the full contribution that glucose may make to respiratory C02 during normal exercise. Nevertheless, as all groups of sheep were infused under the same conditions it seems reasonable to compare groups and also to compare these results with those of other workers, e.g. Annison & White (1961) , who carried out their experiments under similar conditions.
The contrast lies between these results and those of Annison & White (1961) in non-pregnant sheep on a high-starch diet. They found that the percentage of C02 derived from glucose was 11-19 in starved sheep, 22-23 in fed sheep, and 33-36 when plasma-glucose concentrations were raised by infusion to over 120 mg./100 ml. It appears from the results of Annison & White (1961) that the contribution of glucose to oxidative metabolism tises in proportion to the concentration of glucose offered to the tissues, and from the present results that the proportion of glucose directly oxidized is low when the supply is marginal.
From the percentage of glucose directly oxidized and the overall glucose-utilization rate, the amount of glucose available for synthetic purposes becomes 1-27 mg./min./kg. in the fed pregnant animals, and 1-76 mg./min./kg. in the fed non-pregnant animals. If by allowing 15 kg. for foetuses and foetal fluids a 63 kg. non-pregnant sheep is compared with a 78 kg. pregnant sheep, the daily supply of glucose for synthesis becomes 160 g. in the former and 143 g. in the latter. In the latter case, the foetal requirement is 40 g., leaving 93 g. for maternal synthetic processes.
Thus, when glucose utilization in pregnant sheep is compared with that in non-pregnant females on a similar diet, there are marked differences in the amount available, but not in the proportion that is oxidized.
The requirements of twin foetuses are a small proportion (about 28 %) of the maternal supply; but, as the total supply is only 70 % of that in nonpregnant sheep, the extra drain on supplies may well be critical.
C-1:C-6 ratios. Pentose-cycle activity in sheep tissues and homogenates has been demonstrated by Raggi, Hansson, Simesen, Kronfeld & Luick (1961) and the mean ratio of 1-60 in the whole animal is consistent with this finding. Tombropoulos & Kleiber (1961) , using cattle, calculated the percentage of glucose oxidized by the pentose cycle from C02 ratios and from the degree of labelling of alanine derived from milk protein. Katz & Wood (1960) , however, have underlined the possible errors of such calculations in the absence of information on the percentage of glucose utilized by non-triose pathways and on the proportion of triose carbon oxidized to CO2. In the absence of such information in the present study the only conclusion to be drawn from the ratio is that pentose-cycle activity in the pregnant sheep has been confirmed. SUMMARY 1. By using the constant-infusion isotopedilution method, pregnant sheep have been shown to utilize glucose at the rate of 1-29 ± 0 11 (8) mg./ min./kg. There was no significant difference between normal and ketotic sheep.
2. Under steady-state conditions the C02 ratio, i.e. the specific radioactivity of expired C02 during the infusion of [1-14C]glucose divided by the specific radioactivity of expired C02 during the infusion of [6-14C]glucose, was 1-60 ± 018 (4).
3. Under steady-state conditions the mean C02 production was 10-2 + 035 (4) m-moles/min. The percentage of CO2 derived from glucose ranged from 1-7 to 2-4 and the percentage of glucose utilized that was oxidized to C02 ranged from 5-5 to 9-5.
4. These results have been contrasted with those obtained from two non-pregnant sheep on a similar diet. The latter utilized glucose at the rate of 1*84 + 0*1 (2) mg./min./kg. and produced C02 at the rate of 6*8 and 4*8 m-moles/min. The percentage of C02 derived from glucose was 2-1 and 3-7 and the percentage of glucose utilized that was oxidized to C02 was 3*5 and 4*7.
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